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Abstract Needles of evergreen conifers are not only
photosynthetic organs, but they may also serve as storage
sites for carbohydrates and nutrients. Since nitrogen is both
a component of photosynthetically active molecules and a
nutrient stored in the needles and mobilized for shoot
regrowth, we searched for evidence of a trade-off between
needle N storage and photosynthetic capacity. Using
sequential sampling, we tracked seasonal patterns in needle
structure, nitrogen (Nmass) and carbohydrate concentration,
and gas exchange in needles of all age classes (current-
year, 1- and 2-year-old) present on Pinus sylvestris trees. In
both 1- and 2-year-old needles, Nmass increased slightly in
the spring, fell subsequently after the onset of shoot
growth, followed by replenishment in 1-year-old and fur-
ther decline until abscission in 2-year-old needles. How-
ever, only 2-year-old needles showed a positive correlation
between Nmass and photosynthesis, consistent with their
overall lower N level that indicated a tighter N budget. The
2-year-old needles had a higher leaf mass per area and
lower photosynthesis in comparison with 1-year-old nee-
dles. They also had a lower photosynthetic nitrogen use
efficiency, which suggests that in addition to N withdrawal,
structural change and biochemical modifications might
have contributed to photosynthetic decline in the final year
of needle life. Thus, whereas seasonal N mobilization
observed in 1-year-old needles did not seem to interfere
with photosynthetic potential, resorption of N could have
contributed to gradual photosynthetic decline in 2-year-old
needles.
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Introduction
The demand for nutrients in perennial plants may be met
through current uptake by roots, mobilization of stored
reserves as well as translocation from senescing organs
(Chapin et al. 1990; Millard et al. 2007). The growth of
new shoots after dormancy is often supported by transfer of
nutrients from storage tissues in roots, stems and branches
(Millard and Grelet 2010). In evergreen species, the older
leaves present on the plant during regrowth may also par-
ticipate in storage (Camm 1993; Millard and Grelet 2010;
Proe et al. 2000; Splittstoesser and Meyer 1971). Needles
of many evergreen conifers that persist for several growing
seasons present an especially interesting case in which the
ontogenetic fate of an individual needle age cohort, i.e., the
processes of aging and acclimation to progressive shade, is
superimposed on the seasonal rhythm of resource uptake
and demand by the tree, producing a dynamic, complex and
only partly understood pattern of nutrient concentrations.
Evergreen conifers, especially pines, with their flush-type
determinate shoot growth mode, have become a favorite
subject of studies on internal tree nutrient dynamics
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(Helmisaari 1992a, b; Millard et al. 2001; Nambiar and
Fife 1987, 1991; Proe et al. 2000; Weikert et al. 1989).
The withdrawal of N stored in mature needles to support
shoot regrowth is suggested by the beginning-of-season
decline in their N concentration, as documented, for
example, in Pinus sylvestris (Aronsson and Elowson 1980;
Helmisaari 1992b), P. densiflora (Han et al. 2008), P.
radiata (Nambiar and Fife 1987, 1991) and Picea abies
(Weikert et al. 1989). In the oldest leaf cohorts, such N loss
may be interpreted as recycling accompanying senescence
processes. However, N withdrawal may also occur from
younger needle age classes in which N levels will be fully
or partly restored later in the same season, thus repre-
senting a cycle of reserve drawdown and replenishment
(Aronsson and Elowson 1980; Chapin et al. 1990; Han
et al. 2008; Nambiar and Fife 1987, 1991).
A large fraction of leaf N is contained in photosynthetic
proteins; therefore, this nutrient is frequently used as an
index of photosynthetic capacity (Evans 1989; Reich et al.
1999). Fluctuation of foliar N concentration resulting from
mobilization and replenishment of this nutrient could thus
contribute to changes of photosynthetic capacity at various
times during the season. It is not clear, however, to what
extent in various species the mobile N pool includes pro-
teins active in photosynthesis, since other major N pools
may include cell wall proteins (Harrison et al. 2009), free
amino acids and other N-based compounds (Warren and
Adams 2004). In P. sylvestris, only between 26 and 38 %
of foliar N has been estimated to be allocated to photo-
synthetic enzymes, varying in relation to needle age and
fertilization regime (Warren et al. 2003). Moreover, since
amounts of Rubisco protein in conifers greatly exceed the
photosynthetic requirements, it has been proposed that an
inactive Rubisco form is specifically used as a storage
molecule (Warren and Adams 2001; Warren et al. 2003).
Accordingly, in response to heavy N fertilization, P. syl-
vestris needles accumulated Rubisco without increasing
photosynthetic capacity (Millard et al. 2007). This suggests
that the inactive pool of Rubisco may be used as a reserve
without affecting photosynthesis. However, in Pseudotsuga
menziesii, both photosynthetic rate and Rubisco concen-
tration in 1-year-old needles decreased transiently during
new shoot growth (Camm 1993). In P. sylvestris from
Sweden no clear decline of photosynthetic rate in situ was
observed during regrowth; however, variation of ambient
temperatures might have obscured the variation in photo-
synthetic capacity (Troeng and Linder 1982). Thus, the
effect of withdrawal of foliar N on photosynthesis is still
unclear.
Scots pine (P. sylvestris) is a key forest species in much
of Europe and Northern Asia. Temporal variability of
photosynthesis in this species has been studied extensively,
and several distinct features have been identified: (1) a
slow and gradual acquisition of photosynthetic capacity by
young needles (Troeng and Linder 1982), (2) a late-season
decline and a spring-time recovery of photosynthetic
capacity in overwintering needles (Kolari et al. 2014;
Ma¨kela¨ et al. 2004; Strand et al. 2002; Troeng and Linder
1982; Vogg et al. 1998) and (3) a decline in photosynthetic
capacity in older age classes (Wang et al. 1995; Warren
et al. 2003). However, there is still a lack of comprehensive
data sets relating the variability in photosynthetic capacity
in Scots pine to needle nitrogen dynamics in the different
needle age classes, especially in non-juvenile, soil-grown
trees. Given the dual role of needles as photosynthetic and
N storage organs, it may be expected that the seasonal
drawdown of N should result in a depression of photo-
synthetic capacity, resulting in a trade-off between these
two functions.
In this study, we report on temporal dynamics of needle
structure, photosynthesis, nitrogen and carbohydrate con-
centrations in all needle age classes of Scots pine
throughout one complete growing season. By tracking
changes in these key variables, we were able to test the
hypotheses that: (1) production of new needles is tempo-
rally correlated with the resorption of N from older nee-
dles; (2) loss of N from needles in the intermediate age
class is transient since they act as storage organs; and (3) a
seasonal decrease in needle N concentration is correlated
with a decreased photosynthetic capacity. Additionally, we
compare the seasonal variability of N concentration to that
of carbohydrates, as both represent principal storage
compounds in perennial plants inhabiting seasonal
environments.
Materials and methods
Study site and tree selection
Scots pine (P. sylvestris) stand was located in a field for-
merly planted with cottonwoods within the Institute of
Dendrology of the Polish Academy of Sciences experi-
mental enclosure (551403800N and 1760600E). Air tem-
perature and precipitation data were obtained from a
weather station located c. 400 m from the study site (see
Fig. 1a). The soil was sandy loam of the Eutric Cambisol
type formed on a shallow alluvial deposit. To characterize
edaphic conditions of the site, in November 2015 three
replicate soil cores (c. 8 cm in diameter) were obtained
from below tree canopies from each 0–30 cm and
30–60 cm layers. Cores from each layer were combined
into composite samples and delivered within 3 h to a cer-
tified Agricultural Laboratory for analysis. For the
0–30 cm horizon, pH (in 1 M KCl) was 5.8, and nutrient
concentrations were 140 mg 100 g-1 soil of total N,
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0.54 mg 100 g-1 of N-NH4, 0.29 mg 100 g
-1 of N-NO3,
10.7 mg 100 g-1 of P2O5 and 8.8 mg 100 g
-1 of K2O. For
the 30–60 cm horizon, pH was 6.2, and nutrient concen-
trations were 84 mg 100 g-1 of total N, 0.33 mg 100 g-1
of N–NH4, 0.10 mg 100 g
-1 of N–NO3, 7.5 mg 100 g
-1of
P2O5 and 9.1 mg 100 g
-1 of K2O.
Gas exchange
Three 15-year-old trees were selected, and a scaffolding
tower was constructed to enable access to branches. In each
tree, two well sunlit branches located within the third
branch whorl (counting from the top), i.e., at 6.5 m above
ground, were chosen and permanently marked with tape.
Gas exchange measurements were conducted on 11 dates
between March 26 and December 7 of the 2010 growing
season using a Li-6400 analyzer equipped with the
6400-02B red-and-blue LED light source (LiCor Inc.,
Lincoln, Nebraska, USA). Needles from each age class
present on the branch were sampled for a total of N = 6
gas exchange determinations per age class per date. For
each measurement, three fascicles from a particular age
class were removed from a branch and immediately (within
5 min after collection) separated into individual needles
and placed in a 2 9 3 cm measurement cuvette with the
middle needle segments enclosed. Sticky tape was used to
improve the seal of the cuvette, and a breath test was
routinely used to confirm the seal. Measurements were
conducted at 1200 lmol quanta m-2 s-1 to ensure satu-
rated photosynthetic rate (based on a preliminary trial, see
also Wang et al. 1995) without causing photoinhibition
(Kitao et al. 2004). Leaf temperature was maintained at
22 C (occasionally varying between 20 and 24 C)
resulting in vapor pressure deficit \1.4 kPa (usually
\1 kPa). After placing needles in the cuvette, a stabiliza-
tion period of several minutes was allowed for needle
temperature to equilibrate and gas exchange to reach steady
state after which three readings separated by at least 20 s
were recorded. Measurement was typically completed
within 15 min. In preliminary experiments, the detaching
of needles was found not to affect their gas exchange for at
least 45 min. Photosynthetic rate was calculated by inbuilt
software, averaged for each sample and converted to pro-
jected needle area and dry mass bases. Because of the
complex geometry of needles in the cuvette, separation of
stomatal (gs) and boundary layer conductances was not
feasible; therefore, whole leaf conductance to water vapor
gLW (mol m
-2 s-1) was calculated on the assumption that
gLW = gs. This assumption is reasonable for narrow nee-
dles in a ventilated cuvette (Rayment et al. 2000). Internal
concentration of CO2 (Ci) was calculated following equa-
tions given in the manufacturer’s handbook (LI-COR, Inc.
2005). Ci was not calculated for the final sampling date
when gLW was near zero.
Laboratory analyses
Needle segments used for gas exchange measurements
were excised and refrigerated at 4 C, and within a few
hours, their projected areas were determined using a
desktop scanner and WinSeedle software (Regent Instru-
ments, Quebec, Canada). They were then dried at 65 C for
72 h for the determination of dry mass. Remaining parts of
the needles were also dried, and whole samples were
ground in a Culatti mill (IKE Labortechnik, Staufen, Ger-
many). Concentration of total nonstructural carbohydrates
(TNC) was determined using a previously described pro-
tocol (Oleksyn et al. 2000). Nitrogen concentration was
determined using an Elemental Combustion System
CHNS-O 4010 (Costech Instruments, Italy/USA). To
monitor tree hydraulic status, additional batches of 15–22
needles from each age class were harvested at 3- to 9-day
intervals throughout the calendar year, weighed immedi-
ately after collection, dried as described above and re-
weighed for determination of water content in fresh
biomass.
Fig. 1 Course of a mean daily temperature (dots) and precipitation
(bars) and b water content of 1-year-old needles during year 2010 at
the study site in Ko´rnik, Poland
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Calculations and statistics
TNC-free biomass was used as the basis for calculation of
leaf mass per area index (LMA = needle dry
mass 9 projected area-1; g-2), nitrogen concentration
(Nmass; % dry mass), mass-based maximal photosynthetic
rate (Amax(mass); nmol CO2 g dry mass
-1 s-1) and water
content (% fresh mass) for each needle cohort from each
tree on every sampling date. Photosynthetic nitrogen use
efficiency (PNUE, lmol CO2 gN
-1 s-1) was calculated as
the ratio of photosynthetic rate and N concentration. The
differences between needle cohorts (main effect) with
respect to the various measured parameters and the effect
of sampling date were evaluated with a nested repeated
measures analysis of variance model. This approach, by
treating trees as subjects, accounted for lack of indepen-
dence between multiple measurements on the same tree.
Because not all needle cohorts were present on the tree at
every sampling, analyses were conducted on three data
subsets: one covering the early part of the season (days
85–265) and including 1-year-old and 2-year-old needles,
another covering the late part of the season (days 172–341)
and including current-year and 1-year-old needles, and
third, covering the middle part of the season (days
172–263) and including all three cohorts. Where the
Mauchly criterion was significant, indicating that the
sphericity assumption was not met, a univariate Green-
house-Geisser adjusted test was used. Specific hypotheses
associated with pairwise comparisons were evaluated using
orthogonal contrasts. Arc-sin square-root transformations
were used on concentration data. Additionally, relation-
ships between Nmass and Amax(mass) were explored using
least-squares regression on log-transformed variables. All
calculations were performed using the JMP 8.0 statistical
software (SAS Institute, Cary, NC, USA).
Results
Two or three needle age classes were present on the trees
on any given sampling day (i.e., current-year needles
produced in spring of 2010, 1-year-old needles produced in
2009 and 2-year-old needles produced in 2008). Current-
year needles emerged in May, but were sampled for the
first time on day 172 (June 21) when their LMA was 70 %
of season’s maximum. Increase in LMA in this age class
continued for the rest of the season (day 172 vs. 341,
P\ 0.001; Fig. 2a). Variability of LMA with time in both
1- and 2-year-old needles was overall significant (Supple-
mentary Tables 1–3), with a slight early-season decline
followed by an increase for the rest of the season in 1-year-
old needles and until abscission in 2-year-old needles
(Fig. 2a). The 2-year-old needles on sampled branches had
all abscised in early October (by day 279). Throughout the
season, LMA was consistently larger in 2-year-old needles
compared to 1-year-old needles and in 1-year-old needles
compared to current-year needles (cohort effect in Sup-
plementary Tables 1–3). Needle water content varied
depending on age class: In the beginning of the year, the
Fig. 2 Seasonal dynamics of a leaf mass per area (LMA), b needle N
concentration (Nmass), c mass-based maximal photosynthetic rate
(Amax(mass)) and d photosynthetic N use efficiency (PNUE) in current-
year, 1-year-old and 2-year-old needles of P. sylvestris sampled
throughout the 2010 growing season. Points represent daily means for
a given age class, and bars are SE
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two preexisting age classes showed a steady level of about
60 % of fresh mass followed by a decline to 52–55 %
during spring and early summer and a lasting recovery in
midsummer. In current-year needles, water content was
initially very high (c. 80 %) and declined to c. 60 % as
needles developed (Fig. 1b).
Significant variation of Nmass was attributed to both time
of season and needle cohort (Supplementary Tables 1–3).
In 1-year-old needles, Nmass increased slightly at the
beginning of the growing season (day 85 vs. 140,
P = 0.03; Fig. 2b) followed by a decline during expansion
of new shoots (day 140 vs. 200, P\ 0.001) and accumu-
lation of N after day 200 (day 200 vs. 341, P = 0.002). The
Nmass in 2-year-old needles declined from day 113 (May
11) until abscission (P\ 0.001; Fig. 2b). A transient early-
summer decline of Nmass was apparent also in the newly
formed current-year needles (day 172 vs. 200, P = 0.02),
followed by enrichment in N later in the season
(P = 0.002; Fig. 2b). Since LMA of these needles was still
increasing, this result may indicate an early import on N
into the growing needles followed by its later dilution
through accumulation of biomass.
All photosynthetic parameters varied significantly with
time (Supplementary Tables 1–3). Amax(mass) was very low
on the first sampling day and rose to seasonal maxima that
were reached on day 140 (May 20) in 1-year-old and on
day 113 (April 23) in 2-year-old needles (P\ 0.001 for
both cohorts; Fig. 2c; Supplementary Table 1). Seasonal
maxima were highest in current-year needles followed by
1-year-old and 2-year-old needles (cohort effect in Sup-
plementary Table 3). Subsequently, photosynthetic capac-
ity gradually declined for the rest of the season in 1-year-
old (day 140 vs. 341, P\ 0.001) and until abscission in
2-year-old needles (day 113 vs. 263, P = 0.005; Fig. 2c).
A period of transient decline in Amax(mass) was also noted in
these cohorts in midsummer. In current-year needles, the
highest seasonal Amax(mass) was reached on day 200 (July
19), i.e., when their Nmass was lowest. Photosynthetic
capacity of both current-year and 1-year-old needles
declined to nearly zero on the last sampling day of the
season, i.e., when mean daily temperature stabilized in the
below-freezing range (Figs. 1, 2c). The seasonal course of
area-based photosynthetic capacity Amax(area) was similar to
that of Amax(mass); however, the differences in Amax(mass)
between cohorts were relatively more pronounced
(Figs. 2c, 3a; Supplementary Table 2), consistent with the
increase in LMA with age.
Seasonal courses of PNUE mirrored those of Amax(mass);
however, seasonal peaks in 1- and 2-year-old needles
occurred later in the season (Fig. 2d; Supplementary
Table 1). In fact, in 2-year-old needles the highest PNUE
was recorded on the last sampling date before abscission.
PNUE differed significantly among needle cohorts
(Supplementary Tables 1–3). Highest overall PNUE was
found in current-year needles, followed by 1-year-old and
2-year-old needles. For example, on day 200 (19 July) the
respective contrasts were significant at P = 0.003 and
P = 0.015.
Photosynthetic rates matched gLW, with the lowest
Amax(mass) and Amax(area) (recorded on the earliest and latest
sampling dates) corresponding to closed stomata (Figs. 2c,
3a, b). On nearly all other dates gLW was consistently
highest in the youngest, and lowest in the oldest, needle
cohort (Fig. 3b; Supplementary Tables 1–3). In both
1-year-old and 2-year-old needles, peak gLW was recorded
on day 140 (May 20) followed by a transient decline in
early summer (for 1-year-old needles day 140 vs. 172,
Fig. 3 Seasonal dynamics of a needle area-based maximal photo-
synthetic rate (Amax(area)), b needle conductance to water vapor (gLW)
and c internal concentration of CO2 (Ci) in current-year, 1-year-old
and 2-year-old needles of P. sylvestris sampled throughout the 2010
growing season. Points represent daily means for a given age class,
and bars are SE
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P\ 0.001; for 2-year-old needles day 140 vs. 200,
P\ 0.001). This decline largely coincided with the period
of low precipitation, lowering of needle water content and
highest mean daily temperatures of the season (Fig. 1).
Seasonal variability and the differences between needle
cohorts with respect to Ci were less pronounced than those
in photosynthesis and stomatal conductance (no significant
cohort effect in Supplementary Tables 1–3), indicating a
close coordination between the demand for CO2 and
stomatal opening. However, during early-summer stomatal
closure, Ci dropped significantly in both 1- and 2-year-old
needles (P\ 0.001 for both), suggesting that the concur-
rent decline in photosynthesis could be related to stomatal
limitation. Across sampling dates, Amax(mass) (as well as
Amax(area); not shown) showed near-saturating relationships
with gLW in all needle age classes (Fig. 4a).
Combined across sampling dates and cohorts, Amax(mass)
showed no relationship with needle N concentration;
however, when Amax(mass) values corresponding to
gLW\ 0.1 mol m
-2 s-1 were excluded (threshold chosen
to exclude measurements with strong stomatal closure;
Fig. 4b), the remaining values were positively correlated
with N concentration (log–log transformation, r2 = 0.112,
P\ 0.001, N = 109). Considering each cohort separately,
positive correlation was confirmed for 2-year-old needles
(r2 = 0.42, P = 0.002, N = 21), but there was no rela-
tionship in the other cohorts (current-year needles:
r2 = 0.00, P = 0.830, N = 40; 1-year-old needles:
r2 = 0.00, P = 0.817, N = 48; Fig. 4b). When comparing
needle cohorts in this subset of measurements, 2-year-old
needles contained the least N and also showed the lowest
Amax(mass), with 1-year-old needles showing intermediate,
and current-year needles the highest, photosynthetic
capacity. The large overlap of Nmass ranges between needle
cohorts indicated; however, that factors other than Nmass
largely explained the decline in Amax(mass) between years.
Seasonal courses of nonstructural carbohydrate con-
centration in both 1- and 2-year-old needles showed early-
season peaks preceding the onset of growing season and
production of new shoots followed by declines to low and
steady levels later in the season (P\ 0.001 for day 140 vs.
day 200 in both cohorts; Fig. 5a; Supplementary
Tables 1–3). These dynamics were largely accounted for
by the fluctuation of starch (contrasts as above; Fig. 5b),
whereas changes in concentration of soluble carbohydrates
were less pronounced (Fig. 5c). Notably, current-year
needles did not accumulate starch, but their soluble car-
bohydrate concentration increased with time (P = 0.001
for first vs. last sampling day; Fig. 5c).
Discussion
By using sequential sampling, we studied seasonal patterns
in needle structure, nitrogen and carbohydrate concentra-
tion and photosynthetic rate in P. sylvestris needles of all
age classes present on the tree. To our knowledge, this is
the only data set that covers seasonal dynamics of all these
variables in this species. We searched for evidence of a
conflict between nitrogen mobilization from needles (i.e.,
their storage function) and their photosynthetic capacity.
Our major finding is that the trade-off between storage and
photosynthetic functions was restricted to the oldest needle
cohort.
The fact that early-summer decline of Nmass coincided
with the flush of new growth suggests that nitrogen
mobilized from preexisting needles was used to support
new shoot production, consistent with Hypothesis (1). This
result is in line with earlier reports showing N decline
during beginning-of-season regrowth in Scots pine (Aron-
sson and Elowson 1980; Na¨sholm and Ericsson 1990;
Fig. 4 Relationships between a mass-based maximal photosynthetic
rate (Amax(mass)) and needle conductance to water vapor (gLW) and
b Amax(mass) and needle N concentration (Nmass) in current-year,
1-year-old and 2-year-old needles. Points represent individual mea-
surements. In b measurements with gLW\ 0.1 mol m
-2 s-1 are not
included. Note log scales in b
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Helmisaari 1992b) and other pine species (Han et al. 2008;
Nambiar and Fife 1987, 1991). It is also in agreement with
experimental results demonstrating that removal of some
stored N by clipping of old needles inhibited production of
new needles (although clipping inevitably also reduced the
supply of carbohydrates; Millard et al. 2001). Mobilization
of N from older conifer needles to new growth has been
further confirmed by tracking of 15N label (Mead and
Preston 1994; Millard and Proe 1993; Proe and Millard
1994). All these results consistently indicate that N
exported from needles supports shoot growth.
Both 1- and 2-year-old needles were sources of remo-
bilized N in early summer. Between day 140 and day 200,
both cohorts lost 24 % of their N contents. The subsequent
recovery of N levels in 1-year-old needles is consistent
with the role of this cohort in the temporary storage of N as
predicted by Hypothesis (2). Similar cycles of N mobi-
lization/replenishment have been reported for Scots pine
(Aronsson and Elowson 1980) and other conifer species
(Nambiar and Fife 1991) and certainly constitute an
essential adaptive mechanism of nutrient conservation in
these evergreen plants. On the other hand, in 2-year-old
needles N loss continued until abscission and is best
interpreted as nutrient resorption accompanying senes-
cence. This simple situation, in which preexisting needles
belong to only two age classes, however, may differ from
that found in many other conifers that retain needles for
many more years (including Scots pine at higher latitudes).
For example N fluctuation seemed to dampen after the 2nd
year of needle life in P. sylvestris (studied at a site in
Finland, where needles are retained for 4 seasons; Helmi-
saari 1992b) and in P. radiata (Nambiar and Fife 1991).
Needles of different age may thus be involved in active
storage processes to varying degrees, although informative,
sufficiently dense time series are seldom reported. For P.
abies, it has been suggested that the one-year-old needles
serve as the primary nutrient reservoir for the new flush,
whereas 2- to 3-year-old needles contribute little (Weikert
et al. 1989). The principal role of previous-year conifer
needles in supporting the annual growth flush has been
confirmed by a recent literature review (Millard and Grelet
2010). Nevertheless, newly acquired N may be partitioned
even to the oldest needle class, as shown for up to 4-year-
old needles in P. contorta that have already remobilized
much of their initial N (Mead and Preston 1994). Old
needles thus not only serve as sources of N, at least in the
final period of their life, but in some cases may also retain
some sink potential.
Did mobilization of N from needles to support new
growth affect their photosynthetic capacity? The strong
inhibition of gas exchange at the beginning and end of the
year was independent of N level and represented seasonal
acclimation (Kolari et al. 2014; Ma¨kela¨ et al. 2004).
However, during new shoot growth in spring and early
summer, we found a decline in photosynthetic capacity in
1-year-old needles (by 17 % by day 200) that temporally
coincided with a drop in N concentration (decline by 25 %)
and was not associated with a major drop in Ci, suggesting
little additional stomatal limitation. This change in photo-
synthesis was relatively small, suggesting the possibility
for only a minor trade-off between storage and photosyn-
thetic function in mature non-senescent needles (Camm
1993). In line with this finding, several lines of evidence
indicate that the mobilizable storage N pool is not identical
with the pool of photosynthetically active proteins. First,
the allocation to Rubisco in 1-year-old Scots pine needles
accounted for only 26–31 % of foliar N, with the balance
provided by other proteins, amides and amino acids
Fig. 5 Seasonal variation in carbohydrate levels in current-year,
1-year-old and 2-year-old needles of P. sylvestris sampled throughout
the 2010 growing season: a total nonstructural carbohydrates (TNC),
b starch, c soluble carbohydrates. Points represent daily means for a
given age class, and bars are SE
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(Warren et al. 2003). Second, the quantity of Rubisco
contained in pine needles tends to be much higher than
needed for photosynthesis (Warren and Adams 2001;
Warren et al. 2003). Third, an application of N fertilizer
may result in a many-fold increase in Rubisco concentra-
tion without an increase in photosynthesis, suggesting
accumulation of an inactive storage form of Rubisco
(Millard et al. 2007). Mobilization of N from needles of
intermediate age classes thus may not significantly inter-
fere with photosynthetic capacity at least under the rela-
tively high nutritional status such as occurred in our trees.
A closer relationship between N and photosynthesis was
found in 2-year-old needles, in which a withdrawal of N
(loss of 25 % by day 200) was accompanied by declining
photosynthetic capacity (drop by 34 % by day 200).
Moreover, the gradual photosynthetic decline and N
withdrawal both continued for the rest of the growing
season. Thus, in the oldest needle class, in contrast to
younger needles, the variability of photosynthesis
throughout the growing season appeared to be related to
internal tree N dynamics, in agreement with Hypothesis
(3). Such slow, extended senescence, sometimes encom-
passing several years, is characteristic of some other
evergreen species (Reich et al. 2009; Wyka and Oleksyn
2014). In some species, the N recycled during senescence
originates largely from degradation of Rubisco, possibly
also including the photosynthetically active pool of this
enzyme (Millard and Grelet 2010). However, the fact that
PNUE in 2-year-old needles of Scots pine remained
stable and even increased slightly shortly before abscission
suggests that there was no preferential mobilization of
molecules directly involved with photosynthesis. Rather, a
pool of other N-containing molecules was recycled in
parallel.
Photosynthetic decline was also associated with
needle aging, i.e., year-to-year transitions. The decline in
Amax(mass) in our study occurred between current-year and
1-year-old needles and between 1- and 2-year-old needles,
whereas lowering of Amax(area) occurred in 2-year-old
compared to 1-year-old needles. The decline of photosyn-
thetic capacity with age of conifer leaves appears to have
been first reported by Freeland (1952) and has since been
confirmed for many species of pines with different needle
longevity, e.g., Pinus aristata (Boyce et al. 2006), P.
contorta ssp. latifolia (Schoettle and Smith 1999), P.
densiflora (Han et al. 2008), P. heldreichii (Oleksyn et al.
1997), P. pinaster (Warren 2006; Warren and Adams
2001), P. pumila (Kajimoto 1990), P. sylvestris (Escudero
and Mediavilla 2003; Wang et al. 1995) as well as for other
temperate and Mediterranean conifers (Chabot and Hicks
1982; Escudero and Mediavilla 2003; Kayama et al. 2002).
The causes for the decline of photosynthetic capacity with
age may be diverse and include: continued structural
changes leading to a dilution of N by accumulating needle
biomass, an increase in CO2 transfer conductance from
atmosphere to chloroplasts (Niinemets et al. 2005), a
lowering of N (Oleksyn et al. 1997 but see Escudero and
Mediavilla 2003) and P concentrations (Boyce et al. 2006)
or a depletion of Rubisco (Warren and Adams 2001),
reallocation of N between components of photosynthetic
machinery (Warren and Adams 2001) and lowering of
specific Rubisco and electron transport activity (Ethier
et al. 2006; Warren 2006). In our study, the lower
Amax(mass) in 1-year-old compared to current-year needles
was likely predominantly caused by structural changes
associated with continuing needle development, whereas
when comparing 2-year-old versus 1-year-old needles, the
structural changes were of much smaller magnitude.
Moreover, the lowering of PNUE in each subsequent age
class suggests that the photosynthetic decline is not just a
result of dilution of Amax(mass) by structural biomass, but
has a physiological basis, such as an increase in resistance
to CO2 transfer or a decrease in N allocation to photo-
synthetically active proteins or in their activities. In 2-year-
old needles, decline in Amax(mass) could have also been
caused by lower Nmass observed already on day 113 and
related to smaller accumulation of N in the spring. Thus,
2-year-old Scots pine needles appear to lose the ability to
accumulate N and become N sources. Under such low N
levels, the correlation between Nmass and photosynthetic
rate is perhaps more likely to arise than in younger, more
N-rich needles. It is worth noting that conifers differ with
respect to stability of their N level with needle age. While
our data showed a decrease in N with age (see also Mead
and Preston 1994; Oleksyn et al. 1997; Schoettle 1994),
other studies have indicated stable N concentrations over
consecutive years of needle life spans (Han et al. 2008;
Schoettle 1994; Warren 2006). Further, with respect to age-
related photosynthetic decline in conifers, structural
degradation of cuticle or stomata especially during winter
may cause mesophyll desiccation stress, eventually trig-
gering senescence (Grace 1990). Such mechanism, how-
ever, is not likely to have played a role in our study since
water vapor conductance markedly declined with needle
age. Moreover, needle hydraulic status did not differ
between 1- and 2-year-old needles. The relationships
between leaf aging, N reserve mobilization, stress and
photosynthesis in evergreen species clearly need to be
further explored.
Our study site may be considered fertile, as suggested by
the rather high needle N concentration (compared to P.
sylvestris from other sites, e.g., Aronsson and Elowson
1980; Helmisaari 1992b; Na¨sholm and Ericsson 1990;
Niinemets et al. 2001) and by the relatively high total soil
N level and a high soil pH that is conducive to fast N
mineralization. Whether the influence of internal N
490 Eur J Forest Res (2016) 135:483–493
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mobilization on photosynthesis should be stronger at more
oligotrophic sites, is debatable. On the one hand, the
findings that N resorption efficiency from senescing leaves
is negatively related to green leaf N concentration (Vergutz
et al. 2012) and that it is reduced by fertilization (Yuan and
Chen 2015) suggest that the relative degree of reserve
mobilization should also be higher in N-deficient plants
(Bown et al. 2012). On the other hand, mobilization of
stored N is thought to be independent of current N supply
and is mostly controlled by sink strength (Millard and
Grelet 2010). Additional in situ monitoring and manipu-
lative studies are needed to resolve this issue.
The sensitivity of photosynthetic rate to needle N
(Smolander and Oker-Blom 1989) should depend on the
extent of metabolic versus diffusive limitation of photo-
synthesis (Flexas et al. 2012). Drought is thus another
potential factor that may modify the influence of N mobi-
lization on photosynthesis and the within-tree nutrient
cycling (Rennenberg et al. 2006). This is because: (1)
photosynthesis may be limited to a greater extent by
stomatal closure than by N availability as suggested by our
early- to midsummer data, (2) drought alters the N uptake
and transport mechanisms, and (3) drought may inhibit N
mineralization and modify other biogeochemical processes
affecting N availability. The control of nutrient cycling by
these factors is still insufficiently understood (Rennenberg
et al. 2006).
Needles in P. sylvestris also play a role in temporary
carbohydrate storage. The annual variation of TNC is
caused mostly by the variability of starch concentration
that shows a peak of accumulation in the spring (in our
study period, the accumulation coincided with mean daily
temperatures rising to above freezing) followed by a fast
depletion during shoot growth. At our time resolution, the
peak of starch storage coincided with the peak of N stor-
age, although subsequent starch depletion proceeded faster.
Both age classes of preexisting needles participated in
starch storage and remobilization, with a slightly smaller
storage capacity of the older needles. Comparable early-
season TNC peaks have been reported for P. sylvestris
(Ericsson 1979; Oleksyn et al. 2000) and other conifers and
are usually related to the phenology of shoot and root
growth (Hansen and Beck 1994; Hansen et al. 1996; Kitao
et al. 2004; Webb and Kilpatrick 1993). The principal
difference between N and TNC storage patterns is the
absence of late summer and autumn refilling of TNC
reserves, possibly related to late-season activity of the root
and mycorrhizal systems constituting powerful carbohy-
drate sinks (Hansen et al. 1996).
An important methodological issue that emerged from
our study is the influence of seasonal variability of non-
structural carbohydrates on the determination of needle
composition and processes expressed on a needle-biomass
basis. For example, springtime nutrient levels and photo-
synthetic rates are ‘‘diluted’’ by temporary peaks of non-
structural carbohydrates accumulating in needles before the
onset of new shoot growth. As shown in Supplementary
Fig. 1, not accounting for TNC leads not only to overes-
timation of LMA and occurrence of a false springtime
LMA peak, but also may mask an important early-season
peak of N concentration (e.g., Helmisaari 1992b; Vapaa-
vuori et al. 1995; Weikert et al. 1989). This issue is not
only relevant when studying temporal dynamics of needle
composition and biomass-based processes but also when
gathering samples from a wide geographical area where
trees may be sampled at different phenological phases.
Expression of results on the basis of needle area or TNC-
free biomass remedies the problem.
In conclusion, tracking the dynamics of nitrogen con-
centration and photosynthetic capacity in Scots pine nee-
dles has supported the role of needles as sites of N storage
confirming Hypotheses (1) and (2) but showed only limited
evidence for a trade-off between photosynthetic capacity
and N storage that operated during the final season of life
of the oldest needles (Hypothesis 3). These results shed
light on the consequences of internal N cycling that con-
stitute an important aspect of resource economics of
evergreen plants. Age-class specificity of the observed
patterns may also be relevant to modeling of tree and stand
photosynthesis (Oge´e et al. 2003 but see Op de Beeck et al.
2010).
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